There is great interest in the regenerative potential of the neural stem cells and progenitors that populate the germinal zones of the immature brain. Studies using animal models of pediatric brain injuries have provided a clearer understanding of the responses of these progenitors to injury. In this review, we have compared and contrasted the responses of the endogenous neural stem cells and progenitors of the subventricular zone in animal models of neonatal cerebral hypoxia-ischemia, neonatal stroke, congenital cardiac disease, and pediatric traumatic brain injury. We have reviewed the dynamic shifts that occur within this germinal zone with injury as well as changes in known signaling molecules that affect these progenitors. Importantly, we have summarized data on the extent to which cell replacement occurs in response to each of these injuries, opportunities available, and obstacles that will need to be overcome to improve neurological outcomes in survivors. P ediatric brain damage often leads to significant morbidity and severe long-term neurologic and cognitive deficits, such as cerebral palsy, epilepsy, behavioral disorders, impaired vision, and language function. More than half of all children with cerebral palsy are born at term and in many instances the etiology is related to some form of cerebrovascular focal or global insult (1). There is great interest in the regenerative potential of the neural stem cells and progenitors that populate the germinal zones of the immature brain. Studies using animal models of pediatric brain injuries have provided a clearer understanding of the responses of these progenitors to injury. As the literature on this subject is quite large, in this review we will compare and contrast the responses of the endogenous neural stem cells and progenitors that reside in the subventricular zone (SVZ) to neonatal hypoxic-ischemic injury, neonatal stroke, neonatal cardiac insufficiency, and pediatric traumatic brain injury.
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THE STEM CELLS AND PROGENITORS OF THE PEDIATRIC SVZ
The cells that comprise the SVZ are mix of the primitive neuroepithelial cells that populated the embryonic ventricular zone and a variety of intermediate progenitors. The radial neuroepithelial progenitors (NEPs), which undergo interkinetic movement, decrease in abundance as the brain develops, while the disorganized, unipolar progenitors of the SVZ accumulate rapidly as a result of extensive cell proliferation. Indeed, 90% of mouse SVZ cells are actively dividing at~2/3 of gestation in the mouse (2) . The SVZ peaks in size during the first week of postnatal development in rodents and at about the 35th week of gestation in humans (3) (4) (5) (6) (7) . Early SVZ cells are predominantly neurogenic during fetal development, and preferentially produce GABAergic interneurons in the forebrain as well as GABAergic and dopaminergic interneurons of the olfactory bulb (8) . There appear to be six streams of migrating cells emanating from the SVZ during discrete periods of postnatal neurodevelopment. These are (i) the rostral migratory stream to populate the olfactory bulb with interneurons (9) ; (ii) the medial migratory stream that populates the prefrontal cortex (10); (iii) the ventral migratory mass that migrates along the ventrocaudal migratory stream and populates the Islands of Calleja in the nucleus accumbens (11) ; (iv) another ventral migratory stream that populates the claustrum (12) ; (v) the dorsal migratory pathway to the hippocampus directed towards the occipital cortex (13) ; and (vi) migration from the most dorsal region of the SVZ to produce upper layer glutamatergic neurons (14) .
Fate mapping experiments have established that the NEPs are heterogeneously distributed along the dorsoventral borders of the ventricle, with different types of interneurons being produced from geographically restricted regions (15) (16) (17) . Gene expression analyses have further defined differences in the progenitors residing in the dorsal vs. the ventrolateral regions of the SVZ (18) . While the SVZ maintains its capacity to produce neurons across the lifespan, in late gestation and in the early postnatal period, SVZ cells are predominantly gliogenic, first generating astrocytes and later oligodendrocytes. These glial cells are produced from bipotential neuron/glial progenitors (19, 20) , as well as from restricted progenitors that are destined to become only glial cells (8, 21) . Once gliogenesis begins to slow down, the SVZ begins to involute (3) .
The organization of the adult SVZ has been an area of intense study. Early studies used light and electron microscopy to parse the rodent SVZ into three cell types that were thought to be either astrocytes or oligodendrocyte progenitors (22, 23) . With the discovery that there are slowly dividing cells in the adult SVZ that possess the properties of stem cells and that these stem cells are regularly producing new olfactory bulb neurons, much attention has focused on the cells that comprise the adult SVZ. In a seminal article published in 1997, Doetsch et al. (24) used ultrastructure and immunohistochemistry to divide the cell types of the adult SVZ into six cell types (excluding resident microglia) and the terminology that they introduced has been widely adopted. They assigned an alphabetic nomenclature to define the cells within the SVZ. The NSCs were termed type B 1 cells; immature astrocytes, type B 2 ; transit amplifying cells, type C; neuroblasts, type A; tanycytes, type D; and ependymal cells, type E cells (24) .
While the nomenclature introduced by Doetsch et al. (24) has been widely adopted, it is inadequate for describing the cells residing in the pediatric SVZ. Missing from that classification scheme are glial-restricted progenitors as well as oligodendrocyte progenitors, which are prominent in the neonatal SVZ (19, 20) . Our lab established a different classification scheme for the NSCs and progenitors of the pediatric SVZ that was derived from flow cytometric and clonal analyses of neonatal, adolescent, and adult SVZ cells (Table 1 ) (25) . Using four surface antigens, we parsed the SVZ into eight different types of multipotential and bipotential progenitors. However, this panel excluded cells that were already restricted to astrocytes, neurons, ependymal cells, and oligodendrocyte progenitors. Accordingly, the neonatal SVZ has to be comprised of at least 14 different types of progenitors. Indeed, more recently, we added three additional cell surface markers to the panel (A2B5, O4, GLAST), enabling us to parse the cells of the neonatal SVZ into more than 75 different subtypes (26) . The extent to which each of these 75 antigenically defined cells represents a unique progenitor vs. similar progenitors at different developmental stages remains to be determined. Single-cell gene profiling studies on sorted and unsorted neonatal SVZ cells are in progress, which will enable us to refine our current classification schemes toward defining the intermediate progenitors involved in neural development.
Species Differences in the SVZ
While a significant portion of the work on neural stem cells and progenitors of the SVZ has been conducted in rodents the SVZ of gyrencephalic mammals has a different structure. In all gyrencephalic species studied to date, which include rabbits, ferrets, pigs, monkeys, and humans, the neonatal periventricular region can be divided into four compartments: (1) the ependymal layer that lines the ventricles; (2) the inner SVZ that is comprised of densely packed neuroblasts and immature glial cells; (3) an astroglial fiber layer; and (4) the outer SVZ, which contains chains of doublecortin-positive (Dcx+) cells (27) (28) (29) (30) (31) . The SVZ is mostly devoid of mature neurons, and as an important germinal zone, it contains cells that stain for Ki-67, which is a marker of cell proliferation. Indeed, even dolphins, which do not have an olfactory bulb, have a vestigial SVZ that maintains this inner and outer SVZ organization (32) . It seems that only rodents (both rats and mice) have an inner ventricular zone and lack the outer SVZ. More recent studies on the fetal primate SVZ have shown that this significantly expanded outer SVZ is comprised of outer radial NEP cells and additional intermediate progenitors.
These outer radial NEP cells are a transient population that produces a large number of upper layer pyramidal cells characteristic of the brains of more evolved mammals (33) .
Another difference between the rodent brain and the human brain is that it was once postulated that the adult human SVZ produces olfactory bulb interneurons throughout life; however, several recent studies have failed to provide support for this conclusion. Rather, it appears that the production of olfactory bulb neurons from SVZ progenitors becomes undetectable after~2 years of age (10) . Carbon dating studies by Bergman et al. (34) set a limit of o1% of the neurons in the human olfactory bulb being exchanged over 100 years (34) . Therefore, while the adult SVZ has the potential to make new neurons (35) , its primary function is to serve as a source for new glial cells (36) . An unexpected and unconfirmed finding from the carbon-dating studies is that new neurons are produced in the adult human basal ganglia (presumably from the SVZ) (37) .
INJURIES CAUSING BRAIN DAMAGE IN CHILDREN AND RELEVANT ANIMAL MODELS

Hypoxic-Ischemic Encephalopathy
Hypoxic-ischemic encephalopathy (HIE) arises from inadequate oxygenation/perfusion to the fetus or from asphyxiating complications during birth with a prevalence rate ranging from 2 to 4/1,000 live births (38) . This injury represents a major cause of neurological morbidity in infants, producing cognitive, motor, and sensory deficits that vary depending upon maturation state at the time of onset of the HIE and the severity of the brain damage. Presently, there is only one therapeutic provided to pregnant women to try to prevent HIE and the benefits of this therapeutic are dubious (39) . Therapeutic hypothermia is an approved treatment for moderate neonatal encephalopathy and has been shown to improve survival if administered within the first 6 h of life (40, 41) . However, the therapy offers limited functional recovery and comes with its own set of complications. As there is no approved therapy for preterm infants, too often they face lifelong learning disabilities and impairment (42, 43) . Consequently, therapies are desired that work synergistically with hypothermia or that are effective when used alone to restore the normal course of brain development.
Responses of SVZ cells in animal models of HIE: Given the restorative potential of stem cells to repair damaged tissues throughout the body, neurobiologists have been asking how the cells of the SVZ are affected by HIE and whether the resident neural stem cells and progenitors of the SVZ can replace those cells that are damaged. These studies have established that during the first 24-48 h after moderate to severe injury, there is extensive cell death within the SVZ (44) . With additional analyses, it was found that during these first 2 days of recovery from H-I, progenitors, and especially oligodendrocyte progenitors within the SVZ die excitotoxic and apoptotic cell deaths. Using immunohistochemical markers for stem cells and progenitors combined with positional information, those cells in the most medial region of the SVZ, which expressed Nestin, but do not express PSA-NCAM (stem cells), survived severe perinatal H-I insults, whereas cells expressing PSA-NCAM and negative for Nestin (neuroblasts and bi-potential glial progenitors), as well as some oligodendrocyte progenitors were vulnerable (45) . A similar phenomenon was also observed in the mouse brain where more severe insults lead to decreased cell proliferation in the SVZ (46) . At later intervals of recovery, the size of the SVZ increases (47) (48) (49) . Interestingly, this increase in the area of the SVZ is proportional to the extent of hemispheric damage and is a result of increased cell proliferation (48, 50) . These new progenitors form tripotential, self-renewing neurospheres in vitro, indicating that the increase is relatively specific for the most undifferentiated progenitors. In their 2006 paper, Felling et al. (50) provided evidence implicating Notch signaling in the expansion of the neural progenitor (NP) pool. More recently, Felling et al. (51) used an in vitro model for H-I, hypoglycemia, and hypoxia (H-H), and showed that H-H itself is not sufficient to induce Notch-1, but that H-H induces astrocytes to produce leukemia inhibitory factor, which in turn increases Notch1 expression in the neural stem/ progenitors (NSPs). There is a controversy as to whether neonatal H-I increases the proportion of bona fide neural stem cells vs. progenitors. Studies by a number of laboratories have revealed increases in neural progenitors after recovery from neonatal H-I. To better understand which NPs expanded after neonatal H-I, Buono et al. (26, 52 ) used a four-color multimarker flow cytometry panel to quantify the relative proportions of eight unique NPs after injury in the neonatal mouse. They discovered that the NSCs were significantly diminished as a consequence of H-I, whereas the number of MP2 multipotential progenitors increased as did the proportions of three types of glial-restricted progenitors at 48 h after injury (52) . Interestingly, some of the progenitor types that increased after H-I were epidermal growth factor receptor+ (EGFR+) À cells, which is consistent with a previous report that showed that that NG2+/EGFR+ cells increased in abundance after H-I in the neonatal rat (53) .
Prospects for repair and cell replacement after perinatal H-I:
While it is clear that new brain cells are being produced in response to these injuries, data compiled to date suggest that they are not capable of fully replacing the cohort of neurons that were damaged. Early studies used bromodeoxyuridine (BrdU) to label cells that had divided after injury in combination with markers for immature and mature neurons to demonstrate that new neurons were being produced. Using Dcx, an immature neuronal marker, combined with BrdU to label cells that had recently proliferated, Dcx/BrdU double positive were observed streaming from the immature mouse and rat SVZ into the adjacent damaged striatum at 1 week following neonatal H-I (47, 48) . At 14 days of recovery some BrdU+ cells expressed NeuN (a mature neuron marker). Disappointingly, by 3 weeks of recovery in the mouse model of H-I, no BrdU+ cells expressing the neuronal markers MAP2, TuJ1, or NeuN could be found, indicating that the vast majority of the new neurons that were generated failed to survive. Supporting this interpretation, Plane et al. (2004) identified newly generated neurons that were dying apoptotic deaths at 2 weeks of recovery. 48 These findings suggest that whereas neurogenesis is initiated in the newborn mouse brain that the long-term survival of these newly generated neurons is not supported.
By contrast, in the neonatal rat brain, not only are new neurons are being produced after H-I but these new neurons seed both the injured striatum and the injured neocortex (54) . Yet, another difference between mice and rats is that in the rat brain these new neurons are continuously produced for at least for 2 months after the injury, as BrdU injections into animals at 2 months of recovery labeled cells that subsequently differentiated into NeuN+ neurons located in the neocortex within the penumbra of the injury (54) . However, as encouraging as these results were, subsequent analyses of the types of neurons that were produced indicated that these new neurons were almost exclusively interneurons, and more specifically, that they were the subset of neurons that expressed calretinin. Indeed, even the neuroblasts that migrated into the striatum became calretinin+ interneurons. They did not express DARPP-32, calbindin-D-28K, parvalbumin, somatostatin, or choline acetyltransferase (55) . Importantly, using retroviral-mediated gene transfer to fate map SVZ cells, Yang et al. (54) established that these new neurons are derived from the SVZ (54) . There are little data to support the conclusion that they arise from dividing progenitors residing outside of the SVZ. Similar to the results obtained in mouse models of H-I, very few (~15%) of the newly generated neurons are retained, but of those retained, some persist for at least 5 months (56) .
Whereas there has been a surge of studies examining neuronal replacement after perinatal H-I, there have been fewer studies assessing the extent of oligodendroglial replacement. Zaidi et al. (57) used BrdU labeling at 21 days of recovery from perinatal H-I in the rat and documented an increase in the number of newly generated oligodendrocytes in the damaged hemisphere and suggested that these new oligodendrocytes are produced by SVZ cells. Ong et al. (47) observed an increase in oligodendroglial proliferation 4 weeks after H-I. Yang et al. (54) found that of the newly produced cells migrating out of the SVZ after H-I that ∼ 1/3 differentiated into neurons, 1/3 into astrocytes, and 1/3 became oligodendrocytes. However, none of these studies established whether these newly produced oligodendrocytes proceeded to differentiate into myelin-producing cells, which remains an important issue for study.
As new oligodendrocytes are produced, the failure of myelin production must be due to the inability of these immature oligodendrocytes to differentiate, their transdifferentiation into astrocytes or neurons, or axonal loss. There is clearly axonal loss in the subcortical white matter after perinatal H-I; however, there are data showing that the paucity of oligodendrocytes is disproportional to the degree of axonal loss (44) , suggesting that their failure to differentiate is not due to the absence of requisite axons. There is significant astrogliosis after perinatal H-I along with an increase in BrdU/glial fibrillary acidic protein (GFAP)+ cells (44, 57, 58) . These results point to the proliferation of astrocytes and it is well established that reactive astrocytes produce extracellular matrix components such as hyaluronic acid and chondroitin sulfate proteoglycans that inhibit oligodendrocyte differentiation (59, 60) . There are also numerous cytokines that appear to be produced by astrocytes that inhibit oligodendrocyte progenitor cell maturation that include fibroblast growth factors, WNTs, endothelin-1, and Notch ligands (61) (62) (63) (64) ). An alternative explanation for the lack of myelination is problems in SVZ cell specification. Bain et al. (65) investigated gliogenesis using replication deficient retroviruses and found that astrocyte generation was disproportional to oligodendrocyte production after neonatal H-I. Moreover, they found that elevated levels of transforming growth factor-β (TGF-β) were produced in the H-I brain and that the aberrant levels of GFAP in the SVZ could be reduced by administering an antagonist to the TGF-β receptor, activin-like kinase receptor-5 (65) . In a recent study by Sabo et al. (66) , they found evidence for increased bone morphogenetic protein signaling in Olig1+ SVZ cells, which correlated with decreased production of oligodendrocytes and increased production of interneurons (66) .
Pediatric Traumatic Brain Injury
Traumatic brain injury (TBI) is one of the most common causes of acquired disability during childhood, with epidemiological reports suggesting that 750 out of 100,000 children will suffer a TBI each year. While less than half will seek medical care, 10% will be hospitalized and 7% will sustain significant head injury (67) . TBI refers to a mechanically induced physiologic disruption of brain function. That physiologic disruption may occur as a result of cerebral contusions following the impact of the brain with the internal surface of the skull, accompanied by shear-force injuries within the cerebral white matter as a result of rapid rotational acceleration and deceleration. With advances in medical treatment, mortality rates are low, and decreasing, and there are ever-increasing numbers of survivors. However, the financial burden is enormous, estimated at $1 billion USD/ year in hospital costs (68) . Children who sustain severe TBI are clinically managed to prevent swelling and further damage from swelling. Resources are limited after the acute recovery stage, despite good evidence that childhood TBI has more serious and persisting effects than similar adult insults. This increased vulnerability in childhood is thought to be due to the decreased threshold for apoptosis in the immature brain and the potential of early insults to derail ongoing brain development and to disrupt cognitive development (69, 70) . Mechanical injuries cause immediate cellular damage as well as damage to axons and blood vessels, which cause either focal or diffuse patterns of cell loss. Secondary effects, that can include hypoxia, ischemia, edema, and increased intracranial pressure, can significantly amplify the extent of damage (70) .
Differences in the magnitude of the SVZ progenitor proliferative responses have been observed when comparing injury models. In an aspiration TBI model, there were significantly greater increases in BrdU+ SVZ cells in adults than seen in the controlled cortical impact (CCI) model (71) . One explanation for these differences might be that aspiration TBI produces more widespread damage that affects a greater percentage of the injured hemisphere than focal CCI produces. This suggests that injury signals are produced in the damaged hemisphere and that the larger the injury the greater the stimulus. Species differences in responses to TBI are also apparent. For example, a greater proliferative response is seen in mice compared to rats with the CCI model of TBI (72) . . Notably, they saw increases in the proportion of NSCs after CCI injury, whereas, as discussed earlier, the NSCs become less abundant after perinatal H-I (25,52). Furthermore, there was a significant expansion of glial progenitors after H-I, whereas the glial progenitors were not as significantly amplified after CCI. However, one similarity was the increase in the progenitors classified as MP3/GRP2 cells. Interestingly, these are EGF-responsive progenitors, suggesting that increases in either EGF ligands or the EGFR could be responsible for the amplification of these progenitors. Supporting this hypothesis, ligands for the EGFR, such as heparin-binding EGF-like growth factor, which is expressed at high levels in the brain, as well as TGF-α increase after cerebral injury (73).
Responses of SVZ cells and prospects
Costine et al. (28) used a model of blunt impact head injury to the rostral gyrus of piglets to evaluate the responses of the SVZ cells. Reminiscent of studies of H-I in rodents, they observed an increase in the area of the SVZ in piglets developmentally similar to infants (postnatal day 7) and toddlers (postnatal day 30), but no change in the size of the SVZ in piglets developmentally similar to human preadolescents (4 months of age) (28) . In a subsequent study, Taylor et al. (2013) evaluated the total numbers of Dcx+ cells and newly generated Dcx+ neuroblasts within the subcortical white matter found between the SVZ and the rostral gyrus, as well as within the gray matter of the rostral gyrus (12). They found that there was no increase in the number of neuroblasts within the white matter near the SVZ at 7 days after the injury, but that the neocortical impact increased the density of neuroblasts in the injured rostral gyral gray matter with a trend toward an increase in neuroblasts in the rostral gyral white matter in those animals with cavitating lesions. Using BrdU labeling they found that the majority of these neuroblasts had been produced before the injury rather than being produced after the injury. However, a limitation of their study was that they injected BrdU for only 2 days after the injury, so they might have missed delayed responses from the progenitors of the SVZ. Within the white matter, the neuroblasts aligned themselves along the edge of the lesion cavity and some of the Dcx cells were multipolar, suggesting that they were differentiating. Whereas there were large numbers of Dcx+ cells within the white matter, the neuroblasts produced after the injury represented o1% of these cells.
Despite the increased capacity for SVZ cells in young and adolescent-aged animals to proliferate and to produce more NSCs and multipotential progenitors, studies have shown that these responses ultimately fail to produce large numbers of new neurons in the injured neocortex. For example, Goodus et al. (72) observed many BrdU+/Dcx+ cells that appeared to be migrating out of the SVZ into the neocortex 2 weeks after CCI in postnatal day 11 rats. However, virtually no BrdU+ mature neurons were seen in the gray matter adjacent to the lesion in the cohort of animals that were allowed to survive to 28 days after injury (72) .
In a study of neurogenesis after TBI in humans, Taylor et al. (12) found that there was little evidence for the production of new neocortical neurons (based on Dcx staining). These results are clearly different from those in rodents where there is an increase in proliferating cells in the SVZ as well as numerous Dcx+ cells migrating in the penumbra of the injury after TBI (12, 72, 74) .
Perinatal Stroke
Perinatal stroke is defined as a cerebrovascular event that occurs during fetal or neonatal life from 20 weeks gestational age to 28 days postnatally, with pathological or radiological evidence of focal arterial infarction of brain. In a population-based study with relatively frequent neuroimaging, unilateral neonatal stroke was recognized in 1-2 per 5,000 live infant births and the estimated mortality rate of neonatal stroke is 3.5/100,000 births annually. Although the majority of patients survive their stroke, ∼ 75% have sequelae including cerebral palsy, epilepsy, and a range of cognitive impairments (75, 76) .
Neonatal stroke may present during the first 3 days of life with symptoms including focal motor seizures, apnea, and persistent feeding difficulties. Magnetic resonance imaging shows focal injury in arterial (70%) or venous (30%) distributions. Because recurrence rates are low, treatment of perinatal stroke in the acute setting has been largely supportive. The American Heart Association guidelines state that anticoagulation may be helpful in patients with perinatal stroke who have either a prothrombotic state or congenital heart disease (CHD) (77) .
Responses of SVZ cells and prospects for repair in animal models of pediatric stroke: Studies using a neonatal stroke model induced by middle cerebral artery occlusion in P7 mice have observed apoptotic NPs within the SVZ during the first 24 h (78). However, in contrast to the studies described earlier on SVZ responses to neonatal H-I, in the pediatric model of stroke, the ischemic injury reduced both neurogenesis and gliogenesis. To study neurogenesis, P1 mice were injected with replication-incompetent lentiviruses intraventricularly to label the radial NEPs as well as the ependymal cells adjacent to the ventricles. The differentiation of these cells was then evaluated 2 weeks later. First, reduced numbers of olfactory bulb neurons were produced in the animals recovering from the stroke as well as reduced numbers of virally labeled astrocytes and oligodendrocytes in the striatum. Second, most of the new Dcx+ neurons produced after this focal ischemic injury were not derived from the virally labeled radial NEPs, but were arising from more restricted NPs (78) . As the authors of this study discuss, there may be significant differences in the injury parameters itself, such that a purely ischemic injury does not induce the same signals as an H-I injury.
In a study that followed up on the work of Spadafora and colleagues, Gonzalez et al. (79) used the replication deficient virus to label the radial NEPs and then administered erythropoietin (Epo, 1,000 U/kg) upon reperfusion, 24 h, and again 7 days later (79). They measured the density of NEP descended neurons, astrocytes, and oligodendrocytes in the striatum at 72 h and 2 weeks after stroke. They found that Epo treatment significantly increased the production of neurons and oligodendrocytes from the NEPs while reducing the number of astrocytes produced after middle cerebral artery occlusion. These data show that the responses of SVZ cells to pediatric stroke are clearly more subdued when compared with neonatal H-I; however, with appropriate activation by extrinsic signals such as Epo, there is increased SVZ cell proliferation, migration, and production of new neurons and astrocytes.
Cardiac Insufficiency due to Congenital CHD
Approximately 1 in every 150 infants born each year suffer from CHD (80) . These cardiac anomalies reduce the flow of oxygenated blood to the brain with injury correlating with the severity of the malformation (81, 82) . Although more than 75% of children with CHD who survive beyond the first year will live into adulthood, neurological deficits are common (83, 84) .
Responses of SVZ cells in animal models of pediatric CHD and prospects for cell replacement: Since chronic cerebral hypoxia is common among CHD patients, the most commonly used mouse model of CHD used to evaluate the impact of CHD on the developing brain rears pups with their dams in an atmosphere of 9.5-10.5% oxygen from P3 to P11. This extended period of chronic postnatal hypoxia induces a general loss of neocortical and hippocampal volumes in the absence of detectable neuronal cell death. Analyses have established that this reduced brain volume can be attributed in part to smaller dendritic trees, reduced synaptogenesis, and decreased oligodendrocyte progenitor cell proliferation and maturation (86) .
Using this rodent model for chronic hypoxia Fagel et al. (87) found that chronic hypoxia during postnatal days 3-11 results in a 30% loss of neocortical neurons that is reversed during recovery (87) . In the first week of recovery, there is a marked increase in the number of new cells expressing immature astroglial markers in the SVZ. After 1 month of recovery, there are 40% more BrdU+ cells in the hypoxic neocortex with an observed ratio of differentiated cell types in both hypoxic and control animals of 45% oligodendrocytes, 35% astrocytes, and 10% neurons (87) . Fate mapping studies performed using GFAP-Cre × GFP mice have shown that the radial NEPs of the SVZ and subgranular zone of mice maintained hypoxic from P3 to P11 continued to generate neurons for at least 2 weeks past when neurogenesis would have normally ceased. Moreover, these NEPs generated neocortical excitatory neurons that appeared to be incorporated into the synaptic circuits (88) .
To investigate the causes of the abnormal white matter development, Jablonska et al. (89) investigated alterations in the intracellular signaling pathways within the oligodendrocyte progenitors. They found that the Cdk2 signaling pathway was more active in white matter oligodendrocyte progenitors during chronic hypoxia, while expression of negative regulator of cell proliferation, p27Kip1, and its regulator, FoxO1, were significantly reduced. Decreased p27Kip1 expression was also found in oligodendrocyte progenitors in the white matter of human newborns with neonatal hypoxic brain damage (89) . In their more recent paper, Jablonska et al. (90) showed that with chronic hypoxia there is an increase in the expression and activity of the histone deacetylase Sirt1, resulting in deacetylation of the Rb protein that correlated with increased proliferation of the oligodendrocyte progenitors (90) .
As white matter maturation delays are frequently seen in CHD patients (89), Scafidi et al. (91) sought to establish a therapeutic intervention that would help to restore white matter development. Following earlier studies that showed that EGF stimulated the proliferation of oligodendrocyte progenitors (92) , they showed that intranasal administration of EGF from P11 to P14 after the chronic hypoxia prevented oligodendrocyte death, promoted oligodendrocyte generation, and improved behavioral recovery (91) . Within a few weeks of recovery, the oligodendrocyte progenitors matured and myelination return to normal levels, but the myelin was abnormal, as detected by electron microscopy (89) .
In parallel studies conducted in the neonatal piglet, Morton et al. (93) reported that chronic hypoxia from P3 to P11 (10.5% oxygen chamber) impaired cortical development. For their studies the authors injected cell tracker green (CTG) into the SVZ to follow cell migration and differentiation, and stained the cells for Dcx and PSA-NCAM. In the chronic hypoxia condition, the number of CTG+ cells and CTG+/Dcx+ and CTG+/PSA-NCAM+ progenitors was significantly decreased. Hypoxia reduced proliferation within the SVZ, depleting a source of interneurons destined to migrate to the postnatal frontal cortex (93) . These data suggest that in addition to deficits in white matter proliferation, chronic hypoxia also interferes with the migration of the progenitors from the SVZ; however, a caveat is that the P3 piglet brain is at a far more mature stage than a P3 mouse brain; therefore, it is difficult to compare and contrast the results from these studies.
SIGNALING MOLECULES THAT ARE PRODUCED AFTER PERI-NATAL BRAIN INJURY WITH KNOWN EFFECTS ON SVZ CELLS
Multiple cytokines are produced as a result of perinatal brain injuries. Below, we will review those cytokines that are elevated after pediatric brain injuries and their actions on the neural progenitors of the SVZ. They are discussed in alphabetical order.
Delta/Jagged/Notch-1 Notch receptors are transmembrane proteins that are activated by membrane bound Delta and Jagged ligands and they are expressed by the stem cells and progenitors in the SVZ (94) . Studies by Felling et al. (50, 51) showed that H-I increases the expression of Notch1 as well as one of its ligands, Delta-like 1, that results in increased expression of the downstream effectors, Hes1 and Hes5, within the NSPs of the SVZ. They further showed that pharmacologically decreasing Notch1 activity during the acute recovery period in vivo abrogated the increase in NSPs seen after neonatal H-I. Complementary studies have shown that intraventricular infusion of fibroblast growth factor-2 and Notch ligand deltalike 4 after stroke significantly increases the number of proliferating NSPs in the SVZ (95) .
Erythropoietin
Epo is a 34-kDa glycoprotein that binds to a homodimer of the Epo receptor (EpoR) present on the plasma membrane. In situ hybridization studies have shown that both Epo and the EpoR are present on the NEPs of the embryonic and fetal brain consistent with an important role in neurogenesis. Epo and EpoR germline null mice have smaller and less developed brains than their littermate controls, and in particular, the fetal SVZ of the developing forebrain is much reduced in these mice (96) . In vitro studies have shown that Epo can directly affect neural progenitors, exerting a variety of effects that range from activating the basic helix-loop-helix transcription factor Mash1, which has been shown to activate quiescent NSCs (97) , to increasing the nuclear translocation of nuclear factor-κB, which has been shown to promote neuronal differentiation (98) , to increasing the proliferation and maturation of oligodendrocyte progenitors (99) .
Epo is well known to be induced by hypoxia. For example, inducing systemic hypoxia in mice (7% O 2 for 30 min) markedly increases Epo mRNA within 4 h after exposure that remains sustained for 424 h (ref. 100) . Similarly, exposing NSCs to hypoxia in vitro induces Epo expression concomitant with neuronal differentiation (98) . Infusing Epo into the adult mouse lateral ventricle increased the number of progenitors, with a concomitant decrease in the number of NSCs, consistent with the view that Epo enhances NP maturation (98) .
There are limited data available on the requirement for Epo in SVZ responses to pediatric models of brain injury; however, Epo is clearly required for the regenerative response of adult SVZ cells in a mouse model of stroke (96) . There are several studies that show that exogenously administered Epo will enhance neurogenesis and oligodendrogenesis. For example, Iwai et al. (101) injected Epo (1,000 U/kg) intraperitoneally at multiple time points beginning 48 h after H-I in postnatal day 7 rats. This delayed administration of Epo did not protect the brain from injury, but increased the production of Dcx+ neuroblasts, oligodendrocyte progenitors, and enhanced the maturation of these oligodendrocyte progenitors (101) . In a similar study, Kako et al. (99) performed retroviral-mediated fate-mapping studies in a P5 mouse model of H-I and showed that intraperitoneal administration of asialo-Epo enhanced the maturation of SVZ-derived oligodendrocytes (99). As reviewed above, Gonzalez et al. (79) administered Epo in pediatric stroke model and found that Epo treatment significantly increased the production of neurons and oligodendrocytes from the NEPs while reducing the number of astrocytes produced (79).
Interleukin-6
Interleukin-6 (IL-6) exerts both proinflammatory and antiinflammatory actions and is secreted by T cells and macrophages to stimulate an immune response. The concentration of IL-6 in cerebrospinal fluid increases after birth asphyxia and H-I encephalopathy in human (102, 103) . Maternal IL-6 can enter the fetal circulation, cross the blood-brain barrier, and affect central nervous system development (104, 105) . For example, Gallagher et al. (106) administered a single pulse of IL-6 by intraperitoneal injection into pregnant mice on gestational day 13.5, resulting in twice as many BrdU+ cells in the SVZ compared with controls at 2 months of age. IL-6 administration not only affects the SVZ but it also affects hippocampal neurogenesis (106).
Covey et al. (107) produced neonatal H-I injury in P6 rats, and investigated the role of neuroinflammation and more specifically IL-6 in the amplification of SVZ and subgranular zone progenitors with or without indomethacin administration, which is a cyclooxygenase 1 and 2 inhibitor. In that study, indomethacin reduced the accumulation of microglia/ macrophages and IL-6 production after H-I. Coincident with H-I, medially situated SVZ cells expanded in vehicle-treated animals. Indomethacin significantly decreased both the initial reactive increase in these progenitors and their ability to selfrenew. By contrast, indomethacin increased proliferation in the subgranular zone and lateral SVZ. These data showed that neuroinflammation and IL-6 can have a positive effect on primitive neural progenitor cell expansion after neonatal brain injury (107) .
Leukemia Inhibitory Factor
Leukemia inhibitory factor (LIF) is a member of the IL-6 family of cytokines. Studies profiling the cytokine induction after perinatal brain injuries have shown that LIF is significantly increased within 1 day after neonatal and pediatric brain injury and thus precedes the increase in NSCs and progenitors (108) . Astrocytes are activated by central nervous system injury and a single-molecule fluorescence in situ hybridization study for LIF and for GFAP showed that astrocytes are the major LIF expressing cells after neonatal H-I (51) . The LIF that is secreted by the astrocytes may be essential for NP expansion after neonatal H-I (25) . Although it is not clear whether IL-6 is expanding the abundance of NSCs, it is clear that LIF can expand the NP population (25) . Loss-of-function studies using LIF heterozygous mice in the neonatal H-I model revealed that the expansion of MP3/ GRP2s, GRP3s, and MP2s that normally occurs after neonatal H-I was blunted, indicating that these progenitors require LIF signaling to expand after injury (52) .
Transforming Growth Factor-α TGF-α is an important cytokine that induces the proliferation of progenitors in the developing brain. In TGF-α-null mouse, there are reduced numbers of proliferating SVZ cells, especially in the dorsomedial corner of the forebrain lateral ventricle, and fewer neuroblasts in the rostral migratory stream (109) . TGF-α stimulates the EGF receptor, which is induced in models of H-I injury and is necessary for NSC activation (53, 110, 111) .
Guerra-Crespo et al. (112) investigated the role of TGF-α in NSP responses to stroke (112) by infusing TGF-α 4 weeks after injury. In this model, TGF-α produced a massive proliferative response, even when the growth factor was administered as late as 4 weeks after injury. They also showed greater BrdU incorporation in the corpus callosum and along the lateral wall of the ipsilateral ventricle compared with controls. Many of the BrdU-labeled cells were Nestin+ with bipolar, elongated morphologies typical of migrating cells. At later time points of recovery, cells double labeled with both BrdU and NeuN could be observed in the injured striatum and many of these BrdU-labeled cells were also positive for Meis2 and DARPP-32, proteins known to be expressed in mature striatal neurons. TGF-α administered rats showed significant improvement in behavioral tests. These results showed that TGF-α induced a proliferative response in SVZ after stroke (112) .
Transforming Growth Factor-β1
Transforming growth factor-β1 (TGF-β1) is a pleiotropic cytokine that is produced by the choroid plexus, meninges, astrocytes, and microglia (113) . Wrana et al. (114) evaluated the expression of the TGF-β receptors on NSPs from the adult nervous system (114) . They found that TGF-βR1, R2, and R3 mRNAs were expressed by NSPs. When TGF-β1 was added to neurosphere cultures, it diminished the growth rate to 25% in a dose-dependent manner. The growth inhibition was a result of reduced proliferation. However, sphere number was not affected by TGF-β1, suggesting that the number of NSCs was not affected. Their data indicate that TGF-β1 reduces cell proliferation with protracted growth arrest in NSP cultures.
Wachs et al. (115) infused TGF-β1 into the lateral ventricles of adult rats for 7 days using osmotic pumps. During the infusion period, animals received BrdU injections. After 1 week of TGF-β1 infusion, there was a marked reduction in the number of PCNA+ cells in the SVZ and fewer SVZ cells expressed Dcx. These effects of TGF-β1 lasted at least for 4 weeks. Their in vitro studies further showed that SVZ progenitor cell proliferation was inhibited by TGF-β1 without changing the self-renewal capacity of the NSCs or changing their fate (115) .
Using the Vannucci model of perinatal H-I brain injury, where the common carotid artery is unilaterally cauterized followed by systemic hypoxia, Bain et al. (65) identified TGF-β1 as a cytokine that is produced during the subacute period of recovery from neonatal H-I, with levels of TGF-β1 mRNA levels peaking between 2 and 7 days of recovery. In vitro studies by Bain et al. (65) showed that TGF-β1 activates the type 1 activin-like kinase receptor-5 to stimulate the production of astrocytes from SVZ glial progenitors (65) . Furthermore, increased levels of TGF-β1 in the CSF subsequent to posthemorrhagic hydrocephalus correlate with increased pathology in premature newborns (116, 117) as well as with poor outcome from endoscopic third ventriculostomy (118) . While TGF-β is often associated with the M2-like microglial reaction, and thus, regarded as an anti-inflammatory cytokine, these data as well as other data on TGF-β signaling in models of blood-brain barrier breakdown indicate that in the central nervous system TGF-β may prevent or divert the normal generation of cells in the developing brain (119) .
Vascular Endothelial Cell Growth Factor-A and -C Vascular endothelial cell growth factor-A (VEGF-A) production is regulated by a variety of stimuli such as hypoxia, growth factors, transformation, p53 mutation, estrogen, tumor promoters, and nitric oxide (120) . While the VEGFs are generally associated with endothelial cell proliferation and angiogenesis, they also have been shown to have direct effects on the NPs of both the SVZ and the subgranular zone. For example, Bain et al. (121) reported that during the acute recovery period from neonatal H-I, both VEGF-A and VEGF-C were transiently induced in the SVZ. VEGF-A promoted the production of astrocytes from SVZ glial progenitors, while VEGF-C stimulated the proliferation of both early and late oligodendrocyte progenitors (121) .
Both VEGF-A and VEGFR2 have been shown to be upregulated in the hippocampus after TBI and hypoxia (122, 123) . Previous studies showed that TBI-induced hypoxia stimulates the production and release of VEGF-A (120). This TBI induced increase in VEGF-A may in turn also be responsible for the initial increase in neurogenesis within the Review | Niimi and Levison first few days after TBI. Lu et al. (123) showed that administering a VEGFR2 antagonist to block VEGF-A immediately after TBI returned the number of newborn neurons to control levels (123) . These studies indicated the release of VEGF-A directly influences the production of newborn neurons after TBI.
PROSPECTS FOR REPAIR
For neonatal HIE, pediatric stroke and more severe TBIs, it will be essential to replace a wide variety of different neural cell types to restore neurological functional. To regenerate the complex cytoarchitecture of the neocortex, it will be necessary to produce new projection neurons in addition to new interneurons and oligodendrocytes. Based on data collected to date, it appears that the majority of the progenitors that migrate from the SVZ postnatally in response to most injuries either become interneurons or glial cells (124) or they do not survive long term (47, 48, 55, 56) . The limited extent of cell replacement observed to date and the failure to observe the production of new projection neurons is a reflection of the maturational state of the postnatal brain. Developmental studies have established that the deep projection neurons are derived from the radial NEPs of the primitive ventricular zone and that as development proceeds the radial NEP cells become more restricted in their developmental potentials, such that as time progresses, they lose their ability to make early born neurons. Furthermore, it is becoming clearer that the residents of the inner SVZ make different subtypes of neurons than the residents of the outer SVZ. Thus, while some radial NEPs are present in the pediatric brain, they are not the same as the radial NEPs that were present when the brain first started to form. As discussed earlier, SVZ cells during the neonatal period give rise to granule layer and periglomerular layer interneurons that migrate to the olfactory bulb (17, 125) . Of the newborn interneurons produced postnatally in the olfactory bulb, the vast majority are calretininpositive interneurons (126) . Thus, the fact that the new neurons produced from the SVZ after injury are calretinin-positive interneurons should not be surprising, as this is entirely consistent with studies on normal neural development (55, 56) .
A major limitation to cell replacement in the central nervous system is the requirement for cells produced in the germinal matrices that line the ventricles to migrate to more superficial regions of the brain. While such migration may occur in some late developing regions of the brain such as in the prefrontal neocortex, this pattern of migration is not widely observed. Another important consideration is that the radial NEP cells are not only stem cells and primitive progenitors, but during neural development they also provide an essential physical scaffold that a large fraction of immature neurons (especially pyramidal neurons) require to migrate from their periventricular origins into the neocortex and to subcortical structures. In the late fetal period in the human brain, and in the first postnatal week in the rodent brain, the radial glial scaffold collapses commensurate with a wave of astrocyte differentiation (127) . A plausible explanation for the widespread migration of newly produced neurons in rodent models of perinatal H-I is that the radial NEP processes have not yet retracted. Moreover, the fact that migration continues for months suggests that signals generated in the damaged brain are preventing (at least a subset of) the radial NEPs from retracting their processes. Consistent with the view that migration is occurring via radial NEP cells, Plane et al. (48) observed Dcx+ cells adjacent to GFAP+ astrocytes and suggested that they were using these glial cells to support their migration (48) . Fagel et al. (87) also reported a similar phenomenon in immature rats recovering from chronic hypoxia, where the migrating cells were closely associated with GFAP+ cells (87) . Ganat et al. (128) had earlier shown that there was an increase in cells expressing markers associated with radial glia after chronic hypoxia, and given the role of the radial cells in both neurogenesis and migration, they suggested that these cells were participating in the regeneration of neurons lost during the chronic hypoxia (128) . Altogether, these observations suggest that replacing pyramidal neurons that have been lost to injury may be possible, but the radial NEPs will likely need to be either reprogrammed to a more primitive state or primitive radial cells will need to be transplanted into the SVZ. There are numerous labs working on these two strategies, but at this time, it is premature to predict which approach will be most fruitful.
Whereas there are significant barriers to replacing pyramidal neurons, replacing interneurons from the resident progenitors of the pediatric SVZ should not be difficult. As discussed above, there is significant tangential migration of neurons within six migratory streams in the neonatal brain. These tangential migrations do not require radial fibers. In gyrencephalic species, there are significant numbers of new neurons that are traveling to their final destinations. For example, in the postnatal day 14 piglet there are two million neuroblasts migrating through the subcortical white matter (12) . These neuroblasts are adjacent to and migrate along blood vessels, and therefore, are not confined to radial migration (129) . Similarly, there is substantial gliogenesis in the immature brain. What is clear from studies on the regenerative responses of the cells of the SVZ to pediatric injuries is that those responses are rapid and robust and the magnitude of this response is greater in the immature brain than in the mature brain. Therefore, while more studies are clearly needed, there is a strong likelihood that these studies can be translated into new therapeutics to improve the lives of children who have sustained a brain injury.
